Abstract. MicroRNAs (miRNAs/miRs) regulate the levels of transcripts and serve a critical function in the regulation of tumor microenvironments. Therefore, miRNA levels in cancer tissues are thought to be potential biomarkers for immunotherapy. From a phase
Introduction
MicroRNAs (miRNAs/miRs) are small, endogenous, non-coding RNAs composed of 18-25 nucleotides that regulate gene expression at the post-transcriptional level (1) . Certain miRNAs act as oncogenes or tumor suppressors and are considered to be among the key regulators of cancer progression (2, 3) . Several previous studies have reported that miRNA levels in tumor tissues may be potential biomarkers for immunotherapy (4, 5) .
Active im munotherapy using tumor-associated antigen-derived epitope peptides (6, 7) , which aims to induce an in vivo response from tumor-specific cytotoxic T lymphocytes (CTLs), requires the preservation of the host immune system as indicated in the 2011 US Food and Drug Administration guidance report for therapeutic cancer vaccines (8) . However, since advanced-stage patients with poor immune status are usually allowed to enroll into clinical studies in early-phase drug development, it is often difficult to evaluate the clinical miR-196b, miR-378a and miR-486 are predictive biomarkers for the efficacy of vaccine treatment in colorectal cancer YOSHITARO benefit of these treatments (9) . Therefore, it is necessary to identify predictive biomarkers to select patients who are likely to respond well and induce responses from specific CTLs to epitope peptides (10, 11) . The authors of the present study previously reported a phase Ι study where 5 epitope peptides were administered to patients with advanced-stage colon cancer (6) . Of these, 3 peptides were derived from oncoantigens: Ring finger protein 43 (RNF43) (12) , 34 kDa translocase of the outer mitochondrial membrane (TOMM34) (13) and insulin growth factor-II mRNA binding protein 3 (KOC1, also known as IMP3) (14) , and the remaining 2 peptides were derived from vascular endothelial growth factor receptors (VEGFRs) (15, 16) . A phase II study using the same vaccine regimen in combination with oxaliplatin-based chemotherapy was performed to further verify the safety and the potential of the vaccine to induce CTLs and to improve overall survival (OS) (17) . In these studies, a high CTL response following vaccination and an injection site skin reaction were revealed to be potential markers for the outcome of vaccine treatment (6) , and a low neutrophil/lymphocyte ratio was also a potential marker for improved survival time of vaccinated patients (17) .
The purpose of the present study was to identify novel biomarkers in order to predict the efficacy of immunotherapies prior to treatment, and to use such information to select patients who are likely to exhibit improved treatment outcomes following vaccination. The results of a comprehensive miRNA microarray analysis of cancer tissues are presented in the present study, and a number of miRNAs were identified as novel biomarkers for predicting the efficiency of active immunotherapies.
Materials and methods
Summary of the phase I study. The detailed protocol of the phase I study (UMIN clinical trial registration no. UMIN000004948) was described previously (6) . Enrollment criteria were as follows: i) Histological confirmation of colorectal cancer (CRC) without surgical resection; ii) failure to respond to previous standard chemotherapy or intolerance to standard therapy and iii) positive DNA typing result for human leukocyte antigen (HLA)-A * 2402. The phase I study was primarily conducted to evaluate the safety and to investigate the recommended dose (RD) of these peptides. Good Manufacturing Practice grade RNF43-721 (NSQPVWLCL) (18), TOMM34-299 (KLRQEVKQNL) (13), KOC1 (IMP-3)-508 (KTVNELQNL) (19) , VEGFR1-1084 (SYGVLLWEI) (20) and VEGFR2-169 (RFVPDGNRI) (21) peptides restricted with HLA-A * 2402 were used. Dose escalation was performed in 3 patients with doses of 0.5, 1, and 3 mg for each peptide. Each peptide was mixed with 0.5 ml of incomplete Freund's adjuvant (IFA) and administered to patients subcutaneously into the thigh or axilla regions on days 1, 8, 15, and 22 of a 28-day treatment course. According to the results of this previous study, it was decided that the RD of each peptide was 3.0 mg, and a dose of 3.0 mg was administered to an additional 3 patients to confirm the safety of the peptides.
Next, a single injection of a cocktail of 5 peptides was performed, and this was expected to induce immune responses at the same level as separate injections of each of the 5 peptides. The cocktail of the 5 peptides (at the dose of 3 mg) was administered to 6 patients. A total of 8 out of 18 HLA-A * 2402-positive CRC patients enrolled in the phase I clinical trial were available for miRNA analysis in the present study.
Summary of the phase II study. To evaluate the clinical benefits of cancer vaccination treatment, a phase II trial (UMIN clinical trial registration no. UMIN000001791) was conducted using the previously described 5 peptides. The phase II trial was a non-randomized, HLA-A status double-blind study. The detailed protocol of this study was described previously (17) . Briefly, the therapy consisted of a cocktail of 5 therapeutic epitope peptides (the same as those used in the phase I study), in addition to oxaliplatin-based chemotherapy. Although the peptides used in the phase II study were HLA-A * 2402 restricted peptides, the same regime of peptide cocktail and oxaliplatin-based chemotherapy was administered to all enrolled patients, whose HLA-A status was double-blinded. The cocktail of (3 mg of each peptide) was mixed with 1.5 ml IFA and administered subcutaneously into the thigh or axilla regions once per week for 13 weeks. The vaccination schedule was subsequently reduced to once every 2 weeks. Vaccination was continued even if the disease progressed when the patient wished and a primary doctor who provided additional chemotherapies agreed. Enrollment criteria for the phase II study were as follows: i) ≥20 years old with histologically confirmed advanced CRC; ii) chemotherapy-naïve; iii) adequate function of organs and iv) a life expectancy of ≥3 months. Between February 2009 and November 2012, 96 chemotherapy-naïve CRC patients were enrolled and their HLA-A status was masked. Among the 96 patients who were enrolled in the phase II study, 26 cases were available for miRNA analysis in the present study.
Sample collection. Among the 18 patients who participated in the phase I trial (6), tissues from 8 cases of CRC were obtained during surgery between October 2003 and June 2008. Of the patients, 4 were male and 4 were female, with an age range of 56-75 years and a mean age of 64 years. From these 8 patients, CRC tissues were obtained, and normal colorectal tissues were also obtained from surgical specimens of 5 patients between January 2004 and July 2006. Of the normal patients, 2 were male and 3 were female, with an age range of 59-75 years and a mean age of 66 years. Tissues were snap-frozen in liquid nitrogen and stored at -80˚C. Similarly, CRC tissues were obtained from 26 patients who participated in the phase II trial of vaccine treatment in combination with oxaliplatin-based chemotherapy between October 2008 and September 2011 (17) . Of these patients, 11 were male and 15 were female, with an age range of 47-82 years and a mean age of 67 years. CRC tissues were obtained from 16 cases from the HLA-A * 2402-matched group and 10 cases from the HLA-A * 2402-unmatched group. All patients underwent resection of the cancer prior to phase I and II vaccine trials at Yamaguchi University Hospital (Yamaguchi, Japan). Written informed consent was obtained from all patients, and the present study was approved by the Institutional Ethics Review Boards of Yamaguchi University and was conducted in accordance with the Declaration of Helsinki.
miRNA microarray. The median miRNA expression values in 34 cancer tissues were used as cut off values to classify patients into high or low expression group. Total RNA from CRC tissues and normal colorectal samples was analyzed by miRNA microarray. Total RNA was extracted from tissues using the mirVana miRNA Isolation kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol. The concentration and purity of RNAs was assessed with a spectrophotometer and RNA integrity was verified using an Agilent RNA 6000 Nano kit (Agilent Technologies, Inc., Santa Clara, CA, USA). The optical density (OD) 260/OD280 ratios of each sample were within 2.00-2.10, which were accepted to be adequate for microarray analysis. The miRNA array was performed using 1 µg total RNA, the miRCURY LNA microRNA Array 6th generation (EXIQON; Qiagen, Inc., Valencia, CA, USA) and the GenePix 4000B (Molecular Devices, LLC; Sunnyvale, CA, USA). The relative intensity of each hybridization signal was evaluated using the Microarray Data Analysis tool (version 3.2; Filgen, Inc., Nagoya, Japan).
Statistical analysis.
Following the calculation of expression signals by log 2 transformation of the normalized data, differentially expressed miRNAs were detected by using the fold-change value and Fisher index using Microsoft Excel 2010 (Microsoft Corporation, Redmond, WA, USA) according to the previously reported formula (22) . Differences between groups were estimated using the Mann-Whitney U-test. Categorical variables were compared using χ 2 and Fisher's exact tests. A Cox's proportional hazards model was used to estimate the hazard ratios for the treatment effect in relation to OS and miRNA expression, and OS was measured in days from the first vaccination until patient mortality (due to any cause). Survival curves were analyzed using the Kaplan-Meier method and the log-rank test. Statistical analyses were performed with JMP software (version 11; SAS Institute Inc., Cary, NC, USA) and GraphPad Prism software (version 5.0; GraphPad Software, Inc., San Diego, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Selection of candidate miRNAs to predict the efficacy of vaccination.
The expression profiles of 1,425 miRNAs in CRC tissues from 8 patients enrolled in the phase I study were analyzed. The characteristics of the 8 patients are listed in Table I . The patients were divided into 2 groups (responder and non-responder group) with 4 patients in each group. A responder is defined using the following criteria: i) Progression free survival (PFS) >150 days or ii) OS >300 days without additional chemotherapy. Criteria for non-responders were as follows: i) PFS <90 days and ii) OS <200 days.
On the basis of the relative comparison of hybridization signals, miRNAs with significant differences in expression between the responder and non-responder groups were selected. The 10 miRNAs with the most significant differences in expression between the two groups are listed in Table II .
Comparison of miRNA expression levels between cancer tissues and normal colorectal tissues. miRNA microarray profiles of Table I . Patient characteristics and outcomes of the phase I study.
Prognosis
Patient
Dose of
Sites of cancer tissues from the 8 patients enrolled in the phase I study and 26 patients enrolled in the phase II study were analyzed. Subsequently, the miRNA microarray profiles of the cancer tissues were compared with the microarray profiles of 5 normal colorectal tissues using the Mann-Whitney U-test. miR-196b-3p (P=0.011) and miR-196b-5p (P<0.001) were demonstrated to be upregulated compared with the normal tissues (Table III) . In addition, miR-147b (P<0.001), miR-486-5p (P=0.003) and miR-378c (P= 0.056; not significant) were downregulated in CRC tissues compared with normal tissues. A cut-off value for each miRNA (miR-142-5p, -196b-3p, -196b-5p, -147b, -320b, -378a-3p, -320e, -486-5p, -378c and -320a) was set at 1,400, 180, 450, 440, 6,000, 6,500, 5,800, 350, 1,200 and 6,500, respectively according to the median expression value (1,419, 184, 446, 435, 5,947, 6,496, 5,764, 350, 1,210, and 6,426, respectively) in 34 cancer tissues. The patients were classified into high or low expression groups based on a cut-off value of miRNA expression for subsequent analysis (Table III) .
Validation of candidate miRNA expression in patients enrolled
in the phase II study. A total of 24 CRC tissues from the phase II study were analyzed using miRNA microarray. The profiles of the 26 patients are summarized in Table IV . A total of 10 candidate miRNAs were selected by analyzing cancer Table II . miRNA expression of cancer tissues of patients in the phase I study. tissues in the phase I study (Table II) and the clinical outcome of 16 patients in the HLA-A * 2402-matched group in the phase II study, where the same peptide vaccines were used in combination with oxaliplatin-based chemotherapy (Table V) .
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The expression levels of 10 candidate miRNAs were subsequently examined in 16 patients in the HLA-A * 2402-matched group (Fig. 1) . Significantly improved prognosis was observed in the patients with increased (>450) miR-196b-5p expression (hazard ratio=0.099, P=0.002, Table V; P=0.001, Fig. 1A) , decreased (<6,500) miR-378a-3p expression (hazard ratio=0.223, P=0.025, Table V; P=0.022, Fig. 1B ) and decreased (<350) miR-486-5p expression (hazard ratio=0.248, P=0.023, Table V; P=0.017; Fig. 1C ) compared with the other patients with high or low expression of each miRNA. On the other hand, there was no difference in the prognoses in 10 patients in the HLA-A * 2402-unmatched group according to expression levels of miR-196b-5p (P=0.271; Fig. 1D ), miR-378a-3p (P=0.757; Fig. 1E ) and miR-486-5p (P=0.562; Fig. 1F ).
Discussion
Due to the rapid and impressive progress made in the field of cancer immunology (23), a large number of novel vaccine approaches for the treatment of cancer are being developed (24, 25) . However, useful biomarkers that predict the clinical outcome of immunotherapy remain to be identified (10) . In addition, only a small number of immunological or other biomarkers are available in clinical trials for immunotherapy (26) . The identification of biomarkers would be useful for selecting appropriate patient populations for evaluation at earlier stages of clinical trials and for developing vaccines for cancer treatment (10, 11) . In the present study, the efficacy of novel biomarkers for immunotherapy was investigated by performing miRNA microarray analysis of cancer tissues and by comparing the clinical outcomes of phase Ι and II studies (6,17) testing a vaccine treatment for metastatic CRC using a cocktail of 5 HLA-A * 2402 restricted peptides.
As the first step, miRNA expression patterns in 8 CRC tissues obtained from the patients in the phase I study were examined, and 10 candidate miRNAs were selected as potential predictive markers for the efficacy of immunotherapy by comparing miRNA expression of the responder and non-responder groups, one with improved prognosis and the other with poorer prognosis, using Fisher's ratio (Table II) .
Subsequently, the expression levels of the 10 candidate miRNAs were examined in 34 cancer tissues (8 cases from the phase I study and 26 cases from the phase II study) and compared with the expression levels in 5 normal colorectal tissues. Upregulation of miR-196b-3p (P= 0.011) and miR-196b-5p (P<0.001), and downregulation of miR-147b (P<0.001), miR-486-5p (P=0.003) and miR-378c (P=0.056; not significant) were observed in the cancer tissues (Table III) . Cut-off values for each miRNA were set according to the median expression value in 34 cancer tissues (Table III) , and patients were classified into 2 groups (high and low expression) for subsequent analysis (Table V) .
The 10 candidate miRNAs were analyzed for association with prognoses of patients (n=26) enrolled in the phase II study. HLA-A * 2402-restricted peptides were used in the phase II study. Therefore, the HLA-A * 2402-matched group (n=16) was considered to be the immunological treatment group and the HLA-A * 2402-unmatched group (n=10) the control group. Significantly improved prognoses were observed in the HLA-A * 2402-matched group with increased (>450) miR-196b-5p expression (hazard ratio=0.099, P=0.002, Table V; log-rank test, P=0.001, Fig. 1A) , decreased (<6,500) miR-378a-3p expression (hazard ratio=0.223, P=0.025, Table V ; log-rank test, P=0.022, Fig. 1B ) and decreased (<350) miR-486-5p expression (hazard ratio=0.248, P=0.023, Table V ; log-rank test, P=0.017, Fig. 1C ) compared with the other patients with high or low expression levels of each miRNA. However, there was no difference in prognosis in the HLA-A * 2402-unmatched group (n=10) according to the expression of miR-196b-5p (P=0.271; Fig. 1D ), miR-378a-3p (P=0.757; Fig. 1E ) and miR-486-5p (P=0.562; Fig. 1F ). These results indicated that these miRNAs may be used as biomarkers for immunotherapy.
The upregulation of miR-196b has previously been reported in lung adenocarcinoma, oral cancer, CRC, leukemia Table IV . Characteristics of patients in the phase II study. and lymphoma, and has been associated with the malignant phenotype of these types of cancer (27) (28) (29) (30) . By contrast, the results of the present study indicated that high miR-196b expression appeared to be associated with improved prognosis for patients treated with immunotherapy (Tables II and V ; Fig. 1A ). High miR-196b expression levels may be associated with the augmentation of the immune response to cancer, which may explain these paradoxical results. miR-196b has previously been reported to be a potential target of inflammatory signals, as it is known to be overexpressed in the inflammatory epithelial lesions of patients with Crohn's disease (31) .
Number of patients -------------------------------------------------
The cancer tissues used in the present study may contain not only cancer cells but also tumor infiltrating immune cells, as this has previously been suggested to be a biomarker for improved prognosis of CRC (32) . The results of the present study indicated that high miR-196b expression may be used as a biomarker for predicting whether patients respond to immunotherapy, although the function of miR-196b requires clarification through further investigations.
miR-378a has been reported as a tumor suppressor and to be downregulated in CRC (33) . However, the results of the present study indicated that reduced expression levels of miR-378a-3p were significantly associated with improved prognosis (Table V; Fig. 1C ). miR-378a was also reported to promote cell survival, tumor growth and angiogenesis through repression of the expression of two tumor suppressors, SUFU negative regulator of hedgehog signaling and FUS RNA binding protein (34) . As miR-378a is able to act as oncogene or a tumor suppressor, its function is complicated (33, 34) . Therefore, it is essential to further investigate the function of miR-378a-3p in the future.
miR-486 has been reported to be a cancer-suppressor miRNA, and it is often downregulated in a number of cancer types in multiple organs (35, 36) . Downregulation of miR-486 has been reported to contribute to tumor progression and metastasis (35) . However, the results of the present study indicated that low expression of miR-486-5p was significantly associated with improved prognosis (Table V; Fig. 1E ). Since miR-486 has been reported to sustain the activity of nuclear factor-κB (NF-κB) by disrupting multiple NF-κB-negative feedback loops (37) and suppressing the antitumor immunity of the host (38, 39) . Downregulation of miR-486 may reduce NF-κB expression and suppress immune-suppressive cells in the microenvironment of the tumor.
In conclusion, high miR-196b-5p, low miR-378a-3p and low miR-486-5p expression levels may be considered as novel biomarkers to predict the efficacy of immunotherapy. However, the results of the present study are preliminary, and the function of miRNAs in immune responses remain unclear. In a planned phase III study, it may be applicable to use these miRNAs as biomarkers to assess the selection of patients who may expect an improved outcome with the vaccine treatment.
